INTRODUCTION
The main metabolism pathway of morphine includes liver glucuronidation to morphine-6-glucuronide (M6G) and morphine-3-glucuronide (M3G). M6G is thought to contribute to the pharmacological effects of the parent drug (Abbott and Palmour, 1988; Paul et al., 1989; Frances et al., 1992) , and various clinical trials have used M6G as the therapeutic drug in preference to morphine ( Hanna et al., 1990; Thompson et al., 1995; Grace and Fee, 1996; Lötsch et al., 1997; Motamed et al., 2000; Penson et al., 2000) . Antinociception studies in experimental animals have demonstrated that, although M6G and morphine are almost equally potent after systemic administration, the analgesic potency of M6G is more than 100-fold higher than morphine after intracerebroventricular injection, a route of administration that bypasses the blood-brain barrier (BBB) in vivo (Abbott and Palmour, 1988; Paul et al., 1989; Frances et al., 1992) . These pharmacological data suggest that the brain penetration of M6G is significantly attenuated relative to that of morphine, probably due to the presence of the glucuronide moiety of M6G, conferring a higher hydrophilic character. Recently, a weak capacity and bi-directional transport by GLUT-1 and by a digoxin sensitive transporter, which could be oatp2, was reported to be involved in the transport of M6G through the mouse BBB (Bourasset et al., 2003) . However, several studies have shown that morphine has a better BBB permeability than M6G after intravenous injection (Bickel et al., 1996; Wu et al., 1997) . Thus, enhancing the brain uptake of M6G would be expected to result in an improvement in its analgesic activity.
Brain delivery is still one of the major challenges for the pharmaceutical industry since -5 -resistance due to tight junctions between the endothelial cells, and they also lack pores. Thus, the brain capillary endothelium behaves like a continuous lipid bilayer and diffusion through this BBB layer is largely dependent on the lipid solubility of the drug. Various strategies have been developed to enhance the brain uptake of therapeutic drugs but most of these methods have been of limited use (Temsamani et al., 2001) . Recently, we have shown that small peptide-vectors can be used to enhance brain uptake of various drugs without opening the tight junctions (Rousselle et al., 2001; 2002) . The potential of this approach as an effective brain delivery system has been demonstrated for various drugs (Rousselle et al., 2001; 2002; Blanc et al., 2004) .
In order to assess this strategy as a brain delivery method for M6G, we have conjugated M6G to a 10-amino acid peptide SynB3 via a disulfide linker and measured its brain uptake and pharmacological effect in mice. We also measured its effect on respiratory depression in rats.
isotopic dilution with the unlabelled conjugate, the specific activity of the compound was 14.3 µCi/mg.
Receptor binding assay
Radio-receptor assays were carried out in which competition between labeled opioid ligands and the cold test compound was measured using an opioid receptor-containing membrane preparation as described previously (Cotton et al., 1985; Kinouchi and Pasternak, 1991; Yoburn et al., 1991 Nonspecific binding was determined in the presence of naloxone (1 µM for mu-receptor and 10 µM for kappa receptor) and naltrexone (10 µM) for the delta receptor.
Following incubation, the samples were filtered rapidly under vacuum through glass-fiber filters (GF/B, Packard) presoaked with 0.3% PEI and rinsed several times with ice-cold 50 mM Tris-HCl using a 96-sample cell harvester (Unifilter, Packard, Rungis, France). The filters were dried then counted for radioactivity in a scintillation counter (Topcount, Packard) using a scintillation cocktail (Microscint O, Packard 
where L= concentration of radioligand in the assay, and K D = affinity of the radioligand for the receptor). Ki values were determined using GraphPad Prism, (San Diego, CA). The data were fitted by 1-site binding model.
In situ mouse brain perfusion study
Surgical procedure: The uptake of [ 14 C]M6G and [ 14 C]Syn1001 (vectorised M6G) to the luminal side of six-week-old OF1 mouse brain capillaries was measured using the in situ brain perfusion method previously adapted in our laboratory for the study of drug uptake in the mouse brain (Rousselle et al., 2001) . Briefly, mice were anesthetized with ketamine/xylazine (140/8 mg/kg, i.p) and the right common carotid was exposed and ligated at the heart side. Drug uptake was expressed as a single time point unidirectional transfer constant (Kin).
Briefly, calculations were accomplished as described previously (Smith, 1996) , from the following relationship:
where Qtot is the measured quantity of 
Measurement of the Antinociceptive Effect
Tail flick: Responsiveness to radiant heat was determined using a modification of the procedure of Ling and Pasternak (1983) . Naïve mice (OF1; 6-8 weeks old) were restrained in a paper handkerchief with the hand. A constant heat intensity (hot lamp) was applied to the ventral of the mice tail and when the animal flicked its tail in response to the noxious thermal stimulus, both the heat source and the timer stopped automatically. The stimulus intensity was adjusted so that the base-line tail-flick latencies ranged between 2 to 3 sec. Mice not responding after 10 sec were removed from the apparatus and assigned a latency of 10 sec in order to minimize tissue damage to the animal's tail. Base-line latencies were determined just before drug administration and again at the indicated times. The compounds were administered by subcutaneous route in saline solution (volume of injection: 5 ml/kg). In a first series of experiments, 4 groups (n=8) of mice received Syn1001 at the doses of 1.06; 2.1; 3.2 and 4.24 µmol/kg and the antinociceptive activity was measured at 30, 60, 180 and 300 min after compound administration. In a second series of experiments, 2 groups (n=10) of mice received M6G or Syn1001 at the dose of 3.2 µmol/kg and antinociceptive activity was measured 30, 60, 120 and 240 min after compound administration.
Antagonism of Syn1001 antinociception by opiate antagonists was determined in a first
experiment by pre-administration of naloxone (1 mg/kg; sc) and 3-methoxynaltrexone (0.2 mg/kg; sc) 15 min before administration of Syn1001 at the dose of 2.8 µmol/kg (10 mice per group) and in a second experiment by administration of nor-binaltorphimine (6 mg/kg; sc) and beta-funaltrexamine (10 mg/kg; sc) respectively 3 hours and 23 hours before administration of Syn1001 at the dose of 4.2 µmol/kg (10 mice per group) Paul et al, 1991) .
At each time point, two measurements (in a different place of the tail) were performed and the mean was calculated.
To correct for individual differences in base-line latencies, the antinociceptive data (latencies) were converted to percentage maximum possible effect (% MPE) using the following formula (Brady and Holtzman, 1982) : 
The ED50 was calculated with non-linear regression equation using Sigma Plot v.2.0.
Syn1001 was compared to M6G using an unpaired t-test and the significance was set at 0.05.
The antagonism of Syn1001 by opiate antagonists was analysed using the analysis of variance ANOVA followed by the Dunnett's test and significance set at 0.01.
Hot plate:
In the hot-plate assay, naïve 6-8 weeks old OF1 mice (n=15) were placed on a 54°C surface (Harvard Apparatus, Holliston, MA) and the time to lick one of the paws or escape jump was recorded as the response latency. Pre-dosing latency was determined before administration of the compounds and was 4.6 ± 1.6 sec. The compounds (Syn1001 and M6G:
2.2 µmol/kg and morphine 2.6 µmol/kg) were administered intravenously (into the tail vain, volume of injection: 2 ml/kg). The hot plate latency was determined at various times (5, 10, 15, 30, 45, 90, 120 and 180 min) after compound administration. A maximal cut-off time of the heat was 30 sec to prevent tissue damage. To correct for individual differences in baseline latencies, the antinociceptive data (latencies) were converted to percentage maximum possible effect (% MPE) as described above.
Syn1001 was compared to M6G using an unpaired t-test and the significance was set at 0.05. Formalin test: Naïve eight-week-old male Swiss mice (n=10 per group) were injected subcutaneously (5 ml/kg) with either the vehicle (saline solution) or test compounds (2.18, 5.46 and 10.9 µmol/kg) 45 min before receiving a 10 µl intraplantar injection of 2% formalin solution (Sigma, France) into the right hind paw. The amount of time that the mice licked the injected paw was monitored. Both the acute and chronic phases were examined. The incidence of licking was measured during the first 7 min (acute phase) and in 2 min periods at 5 min intervals for 60 min (chronic phase). The observations were carried out for a period of one hour after the formalin injection.
Results are expressed as the mean ± the standard error of the mean (s.e.m). A global analysis of the data was performed using one factor or repeated measures analysis of variance (ANOVA). A Dunnett's test was used when the ANOVA indicated a significant difference.
The level of significance was set at p<0.05.
Respiratory depression
The respiratory depression was measured in naïve OFA rats (200-220 g) as described by Ling et al. (1989) . Animals were anaesthetized with valium/ketamine (8/50 mg/kg; ip). A vinyl cannulae was inserted in the femoral artery 24 hours before drug administration to obtain arterial blood samples and tunneled subcutaneously to the back of the neck where it was exteriorized and kept patent with heparinized saline (50 U/ml). The compounds were given by subcutaneous route (5 ml/kg) (43 µmol/kg for Syn1001 and M6G and 65 µmol/kg for morphine). During the respiratory depression studies, all animals remained unrestrained, were housed individually and were not handled. Prior and at different time after compound administration, arterial blood (0.2 ml) was harvested for analysis. Blood pO 2 , pCO2 and pH were measured using a Blood Gas Analyzer. 
RESULTS

Receptor binding assay
The affinity of M6G and vectorised M6G (Syn1001) to the main opioid receptors was investigated in radioligand competition binding assays. The data show that Syn1001 binds to mu receptors with a higher affinity than free M6G (0.1 versus 3.8 nM). The delta receptor binding was similar for both Syn1001 and M6G (19 nM and 23 nM, respectively) . Surprisingly, vectorisation of M6G exhibited a high affinity for the kappa receptor not shown by free M6G (1.1 nM for Syn1001 and 1860 nM for M6G). This increase in affinity to the kappa receptor was not related to the free peptide since we did not observe any kappa affinity for free SynB3 (Ki >10 µM).
BBB permeability
We measured the brain uptake of free M6G and Syn1001 using the in situ brain perfusion technique in mice. To assess the integrity of the BBB, [
3 H]-sucrose was used as a marker of brain vascular volume since it does not measurably penetrate the BBB during brief periods of perfusion (e.g. 60-120 sec) (Rousselle et al, 2001) . When M6G or Syn1001 were perfused, the distribution volume of 
Antinociceptive activity
First, we measured the effect of Syn1001, administered subcutaneously, in mice using the tail flick assay at different doses ranging from 1 to 4.24 µmol/kg. . Figures 1 A and B show that the effect of Syn1001 is dose-dependent and lasts for about 300 min. The calculated ED50 from this experiment was 3.6 mg/kg (1.87 µmol/kg) ( Figure 1B) . During the course of our studies, the ED50 varied from 1.87 to 3.2 µmol/kg. A similar experiment with free M6G
( Figure 1C) showed that the ED50 of this compound is 4 mg/kg (8.74 µmol/kg). We then compared the effect of free M6G and Syn1001 by subcutaneous route at an equimolar dosing of 3.2 µmole/kg (1.5 mg/kg M6G and 6 mg/kg Syn1001). Figure 2 shows that Syn1001 is more potent, on a molar basis, than free M6G by subcutaneous route in the tail-flick assay.
Interestingly, time-course studies with Syn1001 revealed a longer duration of action compared to M6G. The effect of Syn1001 lasted about 300 min while the effect of M6G was for 120 min. We also measured the antinociceptive effect of Syn1001 in the hot plate model in comparison with free M6G and morphine at equimolar dosing (2.2 µmol/kg for M6G and 2.6 µmol/kg for morphine) by the intravenous route in mice. Syn1001 displayed a significant analgesic effect compared to morphine or M6G (Figure 3) .
Antagonism of Syn1001 antinociception by opiate antagonists.
Naloxone, a non-selective mu antagonist, administered subcutaneously immediately before Syn1001 reversed significantly its analgesic effect ( Figure 4A) . Interestingly, the analgesic activity of Syn1001 was also reversed by the antagonist 3-methoxynaltrexone (3-MTNX)
( Figure 4A ). Since Syn1001 displays a higher kappa affinity in vitro compared to free M6G, the contribution of kappa activity to the antinociception was assessed using the kappa This article has not been copyedited and formatted. The final version may differ from this version. selective antagonist nor-binaltorphimine (Nor-BNI). The mu antagonist, beta-funaltrexamine (β-FNA), was used as a control. As expected, antinociception produced by Syn1001 was inhibited by the mu antagonist but no inhibition was observed in the presence of the kappa antagonist ( Figure 4B ). This suggests that the analgesic effect observed with Syn1001 is mediated by the mu opioid receptor.
Formalin assay
To see whether the enhanced analgesic activity of Syn1001 over either M6G or morphine was also observed in a different nociceptive pain model, we assessed their relative activities in the formalin mouse pain model. Mice were subcutaneously administered with Syn1001, morphine, or M6G. Morphine and M6G were both administered at 1, 2.5 and 5 mg/kg while Syn1001 was administered at 4, 10 and 20 mg/kg in order to have an equivalent molar concentration of M6G (2.18, 5.46 and 10.9 µmol/kg, respectively). At all doses studied, administration of Syn1001 decreased the licking time both in the acute (1-7 min) and in the chronic (7-60 min) phases, compared to M6G or morphine-treated animals. This decrease in licking time was dose-dependent. At 2.18 µmol/kg, the total paw licking time for Syn1001 was about 50% in the chronic phase and at 10.9 µmol/kg, it was reduced almost to 0%. Figure 5 shows a comparison of the three compounds at equimolar dosing of 10.9 µmol/kg. In the acute phase, although animals treated with Syn1001 displayed less difference in pawlicking time compared to other groups, this difference was not statistically significant.
However, a significant difference was observed in the chronic phase. The total paw licking time in this phase was about 25%, 30% and 0% for morphine, M6G and Syn1001, respectively.
This article has not been copyedited and formatted. The final version may differ from this version. 
Respiratory depression
We compared the effects of M6G and Syn1001 on respiratory depression in a rat model. Rats were administered with the compounds by the subcutaneous route at an equimolar dosing of 43 µmol/kg for M6G and Syn1001 (20 mg/kg M6G and 80 mg/kg Syn1001). Morphine was also administered as a control at a dose of 25 mg/kg (65 µmol/kg). The side effects observed in animals were usually scabbing at the injection site, subdued behavior and straub tail.
Respiratory depression in the rat injected with free M6G and morphine is typically reflected in an initial increase in pCO 2 . The levels of pC0 2 increased from 38 mmHg before administration to 62 mmHg at one hour post-administration, for both M6G and morphine ( Figure 6A ). This increase in pC0 2 was accompanied by a decrease in pO 2 levels ( Figure 6B ).
Interestingly, no significant increase in pC0 2 levels was observed with vectorised M6G
( Figure 6A ). Measurement of blood pH showed a decrease in pH levels after M6G and morphine administration while no significant effect was obtained with Syn1001 administration ( Figure 6C ). These preliminary data point out to a significant decrease in respiratory depression after vectorisation of M6G.
This article has not been copyedited and formatted. The final version may differ from this version. -18 -
DISCUSSION
Our results confirm our previous reports that vectorisation of drugs with SynB vectors results in an enhancement of brain uptake and pharmacological activity (Rousselle et al., 2001; 2002; Blanc et al., 2004) . In the present study, our rationale was to attach M6G
to the SynB3 peptide-vector in order to enhance its brain uptake. M6G was chosen because it has been reported to be more potent than morphine after central administration (Abbott and Palmour, 1988; Paul et al., 1989; Frances et al., 1992) . As the affinity of both substances for the mu receptor has been reported to be similar, a possible explanation for this observation could involve differences in the permeability of the blood-brain barrier to M6G. In fact, several reports have indicated a significant lower BBB permeability to M6G by systemic administration, in comparison to morphine (Bickel et al., 1996; Wu et al., 1997) . Therefore, a peptide vector that would enhance the BBB permeability of M6G would most likely enhance its pharmacological activity.
Our study shows that SynB3 enhances significantly the brain uptake of M6G as (Porreca et al., 1987; Millan, 1990, South and Smith, 1998) . In fact, South and Smith (1998) have shown that systemic administration of M6G resulted in high levels of antinociception using the tail flick whereas no significant antinociception was detected using the hot plate test. In our study, Syn1001 was more potent -20 -clear that the mu opioid receptor was mediating the analgesic effect of Syn1001. Interestingly, the analgesic effect was also antagonized by 3-methoxynaltrexone. This antagonist has been described to antagonize the action of M6G and heroin at a dose, which is inactive against morphine (Brown et al., 1997) . These observations led to the hypothesis of the presence of a novel receptor, which is responsible for M6G and heroin analgesia (Brown et al., 1997) .
Since this antagonist also acts on the action of Syn1001, this points towards the action of Syn1001 being mediated by the same receptors as M6G and heroin.
The fact that vectorised M6G binds to the mu receptor in vitro indicates that free M6G
does not need to be cleaved from the vector in order to have a pharmacological effect. M6G
was conjugated to the SynB3 vector via a linker containing a disulfide bond. The disulfidebased linker system has been shown to be stable in plasma for several hours though labile in brain (Letvin et al., 1986) . It is not clear yet in which form Syn1001 binds to its opioid receptors in vivo. Further studies are needed to assess the mechanism and rate of cleavage of vectorised M6G within the brain.
As demonstrated in this study and by others, M6G has been shown to have a slightly longer antinociceptive effect compared to morphine (150 min and 90 min, respectively) Frances et al., 1990) . This longer action is probably the result of a slower rate of Respiratory depression is one of the most disturbing side effects associated with opioid drugs. Case reports have implicated M6G in respiratory depression (Osborne et al., 1986) and have reported on the respiratory depressant properties of M6G after cerebroventricular administration to dogs (Pelligrino et al. 1989 ) and rats (Gong et al., 1991) . In one study in humans, M6G was shown to produce fewer respiratory effects than morphine (Peat et al., 1991; Thompson et al., 1995) . However, this study was not compatible with the other observations where respiratory depression was observed after intrathecal administration of M6G in human subjects (Grace and Fee, 1996) . In the present study, rats that received a high dose of M6G exhibited a significant increase in the pCO 2 . Respiratory depression occurred at 30-60 min post-administration. On the other hand, no significant effect on respiratory depression was seen after Syn1001 administration. The difference in the respiratory effect between M6G and Syn1001 is not clear yet but a likely explanation may be the combined affinity of Syn1001 at the mu and kappa receptors. Several lines of evidence support this hypothesis. First, the respiratory depression effect has been shown to be associated with mu receptors, and that the predictability of the degree of respiratory depression of an opioid appears to decrease with its selectivity for mu opioid receptors (Stott and Pleuvry, 1991) .
Secondly, activation of mu and kappa opioid receptors leads to functionally opposite effects. Verborgh et al., (1997) have shown that combination of mu and kappa receptor agonists can be additive with respect to antinociception with additionally less risk for respiratory side effects. It will be interesting to see whether the kappa binding seen with Syn1001 is agonist or antagonist and to measure the effect of respiratory depression in the presence of kappa antagonists.
In conclusion, our results show that vectorisation of M6G enhances its brain delivery.
This enhancement in brain uptake results in a significant improvement in the analgesic activity of M6G and reduces respiratory depression. This study supports the usefulness of 
